Objective. the objective of this pilot study was to determine time point(s) at which maximum concentration of fluticasone propionate (Cmax) occurs in synovial fluid and plasma in Beagle dog knees after intra-articular injection of eP-104iar. Design. eP-104iar is composed of fluticasone propionate drug crystals coated with heat-treated polyvinyl alcohol (PVa) to result in extended release properties. thirty-two Beagle dogs had an injection of eP-104iar into the knee joint at 2 different dose levels (0.6 mg and 12 mg). Outcome measures included plasma, synovial fluid, and articular cartilage fluticasone propionate concentrations as well as histological analysis of cartilage and synovium at a variety of time points up to 58 days postdosing. Results. intra-articular administration of 0.6 and 12 mg eP-104iar was well tolerated. early minor abnormalities found on microscopy resolved by the end of the study. there were no quantifiable concentrations of fluticasone propionate in plasma of animals administered 0.6 mg at any of the sampling time points. Highest concentrations in plasma following 12 mg administration occurred 1 day postdose and declined with a half-life of approximately 45 days. Highest concentrations of fluticasone propionate in synovial fluid and cartilage generally occurred 5 days postdose in both dose groups and declined with a half-life of approximately 11 to 14 days. Conclusions. eP-104iar is capable of providing a safe and prolonged local exposure to a corticosteroid in the synovial joint while minimizing systemic exposure, with peak exposures occurring within a matter of days after dosing before declining in all tissues in a predictable manner.
Introduction
Osteoarthritis (OA) is the most prevalent worldwide chronic joint disease. 1 Symptomatic knee OA affects about 6% of adults aged 30 years or older. Moreover, its prevalence increases with aging. 2, 3 OA results in significant morbidity, leading to pain and disability in more than 3.6% of the global population accounting for a significant health care challenge. 4 Historically, OA was thought to be a mechanical disorder. However, it is increasingly recognized that local inflammation, in particular synovitis, is important in its pathophysiology. [5] [6] [7] Synovitis is an important target for therapeutic intervention, because it is associated with both clinical symptoms and disease progression. 6 Currently, medical management of OA focuses on symptom control, particularly of pain. Mild to moderate OA pain can be treated using nonsteroidal anti-inflammatory drugs (NSAIDs), with COX-2 inhibitors taking a significant market share from older members of this class. 8 Unfortunately, they may fail to achieve a clinical response, and in these cases intra-articular (IA) corticosteroid injections can be considered as a treatment option.
The inflamed synovium is a site of action for IA corticosteroids and they have become one of the mainstays of treatment for osteoarthritic pain over the past 6 decades. [9] [10] [11] A large survey in the United States revealed that more than 95% of rheumatologists use IA corticosteroid injections in knee OA treatment. 12 It was estimated that in 2012, more than 3 million patients with knee osteoarthritis had received IA corticosteroids in the United States and their growth in use has been continuous over the past few years. 13 In fact, the U.S. Food and Drug Administration (FDA) recommends corticosteroids for short-term treatment of pain.
In clinical trials, IA corticosteroids demonstrate a large initial analgesic effect that wanes over 1 to 4 weeks with the rapid efflux of drug from the joint. [19] [20] [21] [22] Therefore, recent research focuses on IA injection of drug-encapsulating micro-or nanoparticles for slow release of drugs into the synovial fluid. [23] [24] [25] In this way, EP-104IAR was developed to ensure a sustained release of fluticasone propionate over a longer time period while maintaining a minimum therapeutically effective concentration in the joint. Fluticasone propionate is a corticosteroid that is extensively used in the treatment of asthma, chronic obstructive pulmonary disease (COPD), allergic rhinitis, and nasal polyps. [26] [27] [28] [29] The objective of the present study was to determine the time point(s) at which the maximum concentration of fluticasone propionate (Cmax) occurs in synovial fluid and plasma in Beagle dog knees after an IA with EP-104IAR.
Methods

eP-104iaR
EP-104IAR is composed of fluticasone propionate drug crystals coated with heat-treated polyvinyl alcohol (PVA) to result in extended release properties intended for prolonged treatment of inflammation associated with osteoarthritis. Essentially, fluticasone propionate is coated with a semipermeable polymeric shell and injected into the joint. Water then diffuses through the polymer and dissolves the drug core creating a saturated solution inside the membrane. This concentration gradient drives a constant release of drug from the drug particle as long as there is some drug core remaining to maintain a saturated solution. The coated crystals have a mean diameter in a range of 50 to 100 μm.
Study Population
Thirty-two Beagle dogs (Canis familiaris) (16 males, 16 females) were received from Marshall Bioresources (North Rose, NY 14516, USA) or Covance Research Products Inc. (Cumberland, VA, USA). At the onset of dosing, the age of the animals was 10 to 11 months. The body weights ranged from 9.1 to 11.0 kg and from 7.9 to 10.2 kg for males and females, respectively. An acclimation period of 10 to 11 days was allowed between receipt of the animals and the start of dosing to accustom the animals to the laboratory environment. An attending veterinarian was on site or on call during the live phase of the study. No concurrent medications were given. Housing of the animals throughout the study conformed to the guidelines cited in the Guide for the Care and Use of Laboratory Animals and the applicable standard operating procedures of CiToxLAB North America, Inc.
injection Scheme EP-104IAR was administered at 2 dosage sizes: a low dose of 0.6 mg (group 1) and a high dose of 12.0 mg (group 2). These doses were selected based on extrapolation of proposed future clinical doses and knee cartilage volume considerations, as described below. Because of concentration and dose volume limitations of EP-104IAR, dosing of group 2 was performed over 2 days; animals received 6 mg on day 1 and 6 mg on day 2 to result in a total of 12.0 mg. Sample collections began following the second dosing. Group 1 animals received 0.6 mg on day 2 only in order to synchronize sample collections with group 2. Injection volume was 1 mL for all animals ( Table 1) .
Dose Rationale
The cartilage volume of the human knee is 23.3 cm 3 (16.6-31.4 cm 3 ) per joint. 30 The best estimate for the volume of cartilage in the dog knee is 1.1 ± 0.7 cm 3 and was determined based on animals that weighed 25.0 kg. 31 Because the measured weight of the dogs in the current study was on average 10.0 kg and because it was assumed that the cartilage volume varies approximately with body mass, we conservatively estimated a cartilage volume of 0.5 cm 3 , resulting in a human cartilage volume of approximately 40 times that of the beagle dog used in this study. The high dose of 12 mg in this dog study was chosen because, when matched for cartilage volume, it is approximately 2 orders of magnitude higher than the highest dose of 6 mg proposed for a future clinical study. The low dose of 0.6 mg in this dog study was approximately one log unit higher, when matched for cartilage volume, than the likely clinical dose of 2 mg. It is also the lowest dose for which an accurate weight and dose administration can be obtained for the test item.
terminal Procedures
One male and 1 female animal from each group were euthanized on days 7, 29, 46, and 60. Euthanasia was performed by intravenous overdose of sodium pentobarbital, followed by exsanguinations and macroscopic evaluation. The animals were previously fasted overnight and sedated with propofol.
injection efficiency
To determine the approximate amount of drug that was administered to the dogs, the residual fluticasone in the vial, syringe, and needle was measured. Samples were received in individual, labeled bags containing all syringes/needles/vials associated with each animal (i.e., one bag per animal). Each individual item was removed from sample bag (sample tube, cap, syringe, syringe plunger, needle, and needle guard) and, using a Pasteur pipette, thoroughly rinsed with 70% EtOH into a 50 mL Falcon tube. All rinsed items were placed into 50 mL Falcon tube to dissolve any remaining fluticasone. The 50 mL Falcon tube was sealed with Parafilm and stored for 8 days at ambient temperature with shaking at 90 rpm. Each tube was vortexed for 3 seconds every 2 days until the 8-day soak was completed. One hundred microliter aliquots were transferred from each Falcon tube into 1 mL microcentrifuge tube. Nine hundred microliter mobile phase (0.1% NH 
Plasma Pharmacokinetics
Blood samples (1.5-2 mL each) were collected from all animals at predose; on days 3, 5, and 7; and twice weekly thereafter until necropsy (including the day of necropsy). Each blood sample was collected by venipuncture (jugular vein) into tubes containing K2 EDTA as anticoagulant and kept on wet ice pending centrifugation. Samples were centrifuged under refrigeration (set to +4°C at 1500 × g RCF [relative centrifugal force]) for targeted 10 minutes. Plasma was transferred into 2 separate tubes, placed on dry ice pending storage in a freezer set to 70°C until pending analysis. A qualified bionanalytical LC-MS method was used for analysis of fluticasone propionate in plasma. The lower and upper limits of quantitation were 0.2 and 100.0 ng/mL, respectively.
Synovial Fluid Pharmacokinetics
Prior to necropsy, a synovial fluid collection was performed under intravenous propofol sedation. A synovial fluid sample (0.01-0.3 mL) was collected by puncture. Synovial fluid (target 0.1 mL measured precisely using a pipette) was diluted into 0.9 mL of type 1 water, mixed by vortexing and transferred into 2 separate tubes. When the volume of synovial fluid was <0.1 mL, the amount of type 1 water was adjusted to result in a 1/10 dilution (i.e., 1 part synovial fluid, 9 parts type 1 water ratio). Tubes were then placed on dry ice pending storage in a freezer set to 70°C, pending analysis. A qualified bionanalytical LC-MS method was used for analysis of fluticasone propionate in synovial fluid. The lower and upper limits of quantitation were 1 and 1000 ng/mL, respectively.
tissue Bioanalysis
Femorotibial cartilage was delicately collected from the bones avoiding as much as possible to also collect bone tissue and surrounding flesh, muscle, and fatty material.
The cartilage was harvested from the treated knee joint sections of all animals and from the untreated knee joint sections of 4 randomly selected group 2 (high dose) animals (1 animal/sacrifice time point). The cartilage was crushed with a tissue grinder (Polytron), weighed, and brought to a 100 mg/ml concentration in water, in polypropylene collection tubes. This homogenate was kept frozen at a nominal temperature of −20°C, until analysis. A qualified bionanalytical LC-MS method was used for analysis of fluticasone propionate in femorotibial cartilage. The lower limit of quantitation (LLoQ) was 100 pg/mL.
Histopathology
Histopathological examination was performed by a certified veterinary pathologist on the untreated and treated knee sections from all animals. The untreated and treated knee joint sections intended for histological examination (preserved in neutral buffered 10% formalin) were prepared by embedding in paraffin wax and sectioning, and stained with hematoxylin and eosin-phloxin. The knee joints were then more specifically evaluated for changes of chondrocytes morphology.
Statistical Methods
To aid in the understanding of the pharmacokinetics, data that were below the lower limit of quantitation were used to supplement those that were within the quantitation ranges. Data were used as far as available; where data were not detectable, an imputation was made of half the lowest detectable measured concentration for that system (plasma/ synovial fluid/cartilage). Only descriptive statistics are reported; no inferential testing was performed. Half-life calculations in the synovial fluid and cartilage were calculated by fitting the entirety of the log-concentration data to a linear model containing a single factor for group, and a continuous day term. Half-life calculations for the plasma data were calculated using only data from those animals that provided a useable amount of data, and were calculated using a linear mixed effects model allowing a per-animal intercept and gradient relating log-concentration to day, to share information across animals. All statistics and graphics were produced using the R software, in particular packages ggplot2, xtable, and lme4. [32] [33] [34] [35] 
Results
No significant adverse events were noted throughout the duration of the study. A number of dogs were noted to have a small patch of redness at the injection site but were not deemed to be significant issues.
Injection Efficiency
Based on results, the actual percentage of fluticasone propionate injected was 0.0% to 68.0% in animals from the 0.6 mg target dose group (group 1) and 29.0% to 60.0% in animals from the 12 mg target dose group (group 2). However, errors in weighing of test article into vials (estimated 10.0% error), loss of test article during the injection and extraction from dosing materials (estimated as much as 20.0% error), and analytical errors (estimated 5% error) in the measurements may have contributed to the residual drug analysis results, as animals reported as 0.0% injected did have nonzero levels of fluticasone propionate. For the second 6.0 mg dose on day 2, changing the body position of each dog and hence injection direction from vertical to horizontal seemed to improve injectability of the particles; in high-dose animals the amount injected on day 2 was generally higher than on day 1.
Results and interpretation in this study are expressed based on the target doses of 0.6 and 12.0 mg, and it should be taken into consideration that based on results from the residual drug analyses, the actual amount of fluticasone propionate injected into each knee was below target doses and highly variable between animals.
assessment of Plasma Concentrations of Fluticasone Propionate
There were no concentrations above the LLoQ of 0.2 ng/mL of fluticasone propionate in the plasma of the low-dose animals at any of the sampling occasions. Quantifiable but very low concentrations of fluticasone propionate occurred in the plasma of 8 high-dose animals on day 3; in 4 of the animals on day 5; and in 2 of the animals on day 7. The highest concentrations occurred on day 3, with concentrations ranging from 0.2 to 0.5 ng/mL. Concentrations decreased by day 5 and were quantifiable in only 1 of the males and 3 of the females. On day 7, only 1 male and 1 female had quantifiable concentrations of 0.2 and 0.3 ng/ mL (Fig. 1) . These results suggest that low concentrations of fluticasone propionate may reach blood circulation within a single day of IA injection.
By including the below limit of quantitation (BLQ) data, crude estimates of the terminal half-life of fluticasone propionate in plasma are calculable, as described in the statistical methods section above. Seven animals, all from the high-dose group, contributed to this analysis. From these data, the average half-life of fluticasone propionate in plasma was approximately 45 days.
Assessment of Synovial Fluid Concentrations of Fluticasone Propionate
Measurable concentrations of fluticasone propionate occurred in the synovial fluid of at least some of the low-dose animals up to day 46. The highest concentrations were generally observed on day 7, the first assessment time, with concentrations ranging from 3.7 to 24.7 ng/mL. Concentrations then fell through day 46 where only 2 animals had quantifiable concentrations of 1.9 Figure 1 . Plasma concentrations of fluticasone propionate. individual plasma concentrations of fluticasone propionate are presented. in addition, the per-collection day interquartile range and geometric mean are presented. For plasma concentrations that are below limit of detection (BlD), half the lowest reported concentration, or 3.5 pg/ml, was used as an imputation. the below limit of quantitation (BlQ) was 200.0 pg/ml. and 14.3 ng/mL. There were no quantifiable concentrations on day 60.
Quantifiable concentrations of fluticasone propionate occurred in the synovial fluid of all but one of the highdose animals through day 60. The highest concentrations occurred on day 7, the first assessment time, with concentrations ranging from 179.2 to 855.2 ng/mL. Concentrations then fell through day 46, where quantifiable concentrations ranged from 1.8 to 50.6 ng/mL; however, concentrations were higher on day 60, where concentrations of 97.1 and 209.7 ng/mL occurred in the 2 females ( Table 2) .
By including the BLQ data, crude estimates of the terminal half-life of fluticasone propionate in synovial fluid are calculable, as described in the statistical methods section above. This analysis showed an estimated half-life of approximately 11 days (Fig. 2) .
assessment of Cartilage Concentrations of Fluticasone Propionate
Quantifiable concentrations of fluticasone propionate occurred in the dog knee cartilage samples of at least some of the low-dose animals through day 60. The highest concentrations generally occurred on day 7, the first assessment time, with concentrations ranging from 0.8 to 164.0 ng/mL. Concentrations then generally fell through day 60.
Quantifiable concentrations of fluticasone propionate occurred in the cartilage samples of high-dose animals through day 60. The highest concentrations occurred on day 7, with concentrations ranging from 13.7 to 713.0 ng/mL. Concentrations then generally fell through day 46, where measurable concentrations ranged from 0.8 to 6.5 ng/mL. However, concentrations were higher on day 60 and ranged from 26.5 to 239.0 ng/mL. These results indicate that fluticasone propionate was detectable in cartilage tissue (Table 3) , and at levels that were approximately 20.0% of those measured in the synovial fluid.
By including the BLQ data, crude estimates of the terminal half-life of fluticasone propionate in cartilage are calculable, as described in the Statistical Methods section above. This analysis showed an estimated half-life of approximately 14 days (Fig. 2) . 
assessment of Joint Structure
Minimal vacuolation of the articular cartilage chondrocytes was noted on day 7 in 3 of 4 dogs from group 1. Vacuolation observed in the femur, tibia, and/or patella articular cartilage was characterized by the presence of a single large clear vacuole compressing and flattening the chondrocyte cytoplasm and nucleus against the surrounding lacunae wall (Fig. 3) . The chondrocyte vacuolation was not observed in dogs on days 29, 46, or 60, indicating complete reversal of this finding that was noted on day 7.
Mild to moderate vacuolation of the articular cartilage chondrocytes was noted on day 7 in 4 of 4 dogs from group 2. Chondrocyte vacuolation was associated with concurrent mild vacuolation (4 of 4 dogs) and minimal foreign material (4 of 4 dogs) in the synovial intima. The synovial intima vacuolation was characterized by the presence of numerous small clear vacuoles distending the cytoplasm of intima cells with or without concurrent presence of yellow amorphous or fibrillar foreign material. Minimal chondrocyte vacuolation was noted in 3 of 4 dogs on day 29 with concurrent presence of minimal foreign material (3 of 4 dogs). This foreign material may have been residual PVA coating material from the EP-104IAR particles. Synovial intima vacuolation noted on day 7 was not present on day 29. Chondrocyte vacuolation was not observed in dogs on days 46 and 60, indicating complete reversal. The vacuolation did not lead to degeneration or necrosis of the chondrocytes and did not lead to any structural changes in the cartilage matrix. Foreign material was noted in the majority of dogs on days 46 and 60; however, there was no observed immune response to the foreign material.
Discussion
The most important finding from this study was that an IA administration of nominal doses of 0.6 and 12 mg EP-104IAR to male and female Beagle dogs was well tolerated with no EP-104IAR related clinical signs other than redness at injection site after the first 6.0 mg injection to the high-dose animals, although it should be noted that the actual dose delivered appears to be below these nominal doses; ongoing efforts are in place to improve this delivery. Microscopic changes to the femorotibial knee joint were limited to dose-related mild to moderate vacuolation of the articular cartilage chondrocytes observed in the femur, tibia, and/or patella articular cartilage in the 0.6 and 12.0 mg groups and to mild vacuolation and minimal foreign material in the synovial intima in the 12.0 mg group. All findings resolved by the end of the study; however, foreign material in the synovial intima was still visible on days 46 and 60 in the majority of dogs given 12 mg. There were no quantifiable concentrations of free fluticasone propionate in plasma of animals administered 0.6 mg at any of the sampling time points. Highest concentrations in plasma following the 12.0 mg administration occurred on day 3, 1 day after completion of dosing and the first sample time; and disappeared from the plasma with a half-life of approximately 45 days. Highest concentrations of fluticasone propionate in synovial fluid generally occurred in both dose groups on day 7, 5 days after conclusion of dosing and the time of first sample; and disappeared from the synovial fluid with a half-life of approximately 11 days. Synovitis plays an important role in the pathology and joint degeneration of OA. Currently, OA is considered as a disease of the "whole joint." Proinflammatory mediators can be produced by both synoviocytes and chondrocytes, with dysregulation of complement also having been shown. 36, 37 IA corticosteroids can inhibit synovial inflammation and thus also suppress cytokine production and metalloproteinase synthesis. As such they have theoretically the capacity to diminish structural damage and limit OA progression in humans. 38, 39 This maintained suppression of synovitis could not only lead to prolonged pain relief and functional improvement but also may limit structural progression in OA. 24 Recently, there has been an increasing interest in developing IA drug-encapsulating micro-or nanoparticles with the intention to obtain a prolonged release of a low-dose corticosteroid into the joint. 24 To our knowledge, Zilretta (FX006) is the only long-acting corticosteroid that has already been tested in humans to date, 40 providing an extended and predictable release of triamcinolone acetonide (TCA).
In the present study, a new product was introduced. EP-104IAR is composed of fluticasone propionate drug crystals coated with heat-treated PVA to result in extended release properties intended for prolonged treatment of inflammation associated with osteoarthritis. It must be stated that the actual percentage of fluticasone propionate injected was 0% to 68% in animals from the 0.6 mg target dose group (group 1) and 29% to 60% in animals from the 12 mg target dose group (group 2). In this way, the actual amount of fluticasone propionate injected into each knee was below target doses and highly variable between animals. This can account for the high variability in synovial concentrations of EP-104IAR observed in this pilot study across the dogs in the same group that were given the same dose of EP-104IAR. Currently, efforts are being made to improve the homogeneity of EP-104IAR.
Another drawback of this pilot study is the fact that it did not use an accepted score for cartilage histopathology. However, this safety aspect of EP-104IAR will be studied more in detail in a future project.
This study shows that EP-104IAR can provide a safe and prolonged local exposure to a corticosteroid in the synovial joint while minimizing systemic exposure. As such, it forms the basis for future nonclinical and clinical work with this product.
